Dual fluorescence and UV absorption of 2'-ethylhexyl 4-(N,N-dimethylamino)benzoate (EHDMAB) were investigated in cationic, non-ionic and anionic micelles. When EHDMAB was solubilized in different micelles, the UV absorption of EHDMAB was enhanced. Twisted intramolecular charge transfer (TICT) emission with longer wavelength was observed in ionic micelles, whereas TICT emission with shorter wavelength was obtained in non-ionic micelles. In particular, dual fluorescence of EHDMAB was significantly quenched by the positively charged pyridinium ions arranged in the Stern layer of cationic micelles. UV radiation absorbed mainly decays via TICT emission and radiationless deactivation. The dimethylamino group of EHDMAB experiences different polar environments in ionic and non-ionic micelles according to the polarity dependence of TICT emission of EHDMAB in organic solvents. In terms of the molecular structures and sizes of EHDMAB and surfactants, each individual EHDMAB molecule should be buried in micelles with its dimethylamino group toward the polar head groups of different micelles and with its 2'-ethylhexyl chain toward the hydrophobic micellar core. Dynamic fluorescence quenching measurements of EHDMAB provide further support for the location of EHDMAB in different micelles.
I. INTRODUCTION
Currently, various ultraviolet (UV) absorbers have been used as sunscreens in sun-care products to avoid UV radiation which can lead to dermatological problems such as sunburn [1] , erythema [2] , cutaneous photoageing [3] and immunosuppression [4] . In principle, such an excited UV absorber disposes of its excess energy by heat, by luminescence, by interaction with neighboring molecules or by photodegradation [5] . 2'-Ethylhexyl 4-(N,N-dimethylamino)benzoate (EHDMAB) is an excellent UV-B absorber (280-320 nm) and frequently used in typical sun-care preparations [6, 7] . However EHDMAB is an oily liquid and is poorly soluble in water due to its hydrophobic 2'-ethylhexyl chain. The complete solubilization in the finished preparation was needed to improve the efficacy of the sun-care products [7, 8] . Moreover, it is also easily oxidated and subject to heat and light [9] [10] [11] . As a result, the choice of additives in the formulations should be helpful to improve the solubility and the physicochemical stability of EHDMAB in aqueous media.
Surfactants are major components of topical formulations [12] [13] [14] . Their micelles are known as microheterogeneous phases in aqueous solution and are capable of incorporating non-polar organic compounds to greatly improve their solubility in aqueous phase [15] . When it is solubilized in micelles, EHDMAB will experi-ence different environments from bulk phase and exhibit dual fluorescence like 4-(N,N-dialkylamino)benzoic acid and its derivatives [16, 17] . However EHDMAB is a linear molecule with a long flexible and hydrophobic 2'-ethylhexyl chain which may result in different solublization position and orientation of EHDMAB from those of corresponding acid and sodium salt in micelles [18, 19] . In this case, micelles may have a special effect on the spectral properties of EHDMAB molecules. An approach to the UV absorption of the ground-state EHDMAB molecules and the deactivation pathways of the excited EHDMAB molecules affords a better understanding of its extensive practical applications. Prior to the present work, the spectral properties of EHDMAB in micelles were not described in detail. For this reason, the absorption and dual fluorescence of EHDMAB were studied in the presence of typical surfactants in this work. Twisted intramolecular charge transfer (TICT) emission was further used to detect the location of EHDMAB in different micelles because it is highly sensitive to the microenvironmental polarity [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The location of EHDMAB in micelles was rationalized in terms of the molecular structures and sizes of EHDMAB and surfactants.
II. EXPERIMENTS
EHDMAB (>98%) was obtained from Aldrich and used as received. Stock solution of 10.00 mmol/L was prepared by dissolving it in methanol and shielded from light. 0.01 mmol/L EHDMAB was used for all measurements.
Cyclohexane, n-heptane, ethyl ether, chloroform, methylene chloride, iso-propanol, n-propanol, ethanol, acetonitrile, methanol and nitromethane were obtained from Tianjin Reagent Company. Cetyltrimethylammonium bromide (CTMAB) and cetyl pyridinium chloride (CPC) were purchased from Fluka. Polyoxyethylene (n=10) lauryl ether (PLE) was obtained from Sigma. Sodium dodecylsulphate (SDS) was supplied by Shanghai Reagent Company and twice recrystalized in ethanol before use. All reagents were of analytical grade. Organic solvents were dried with anhydrous sodium sulfate and redistilled under reduced pressure prior to use. Doubly distilled water was used for all experiments.
Steady state fluorescence was performed on PerkinElmer LS-55B luminescence spectrometer with pulse Xenon lamp as excitation light source. Slits for excitation and emission monochromators were 10 nm and 5 nm, respectively. Absorbance was measured with an Agilent 8453 UV-Visible spectrophotometer. Surface tension was determined using a domestic JZ-200 digital tensiometer at 20±0.5
• C. The solubility of EHDMAB in pure water was estimated by fluorescence at 20±0.5
• C. Twice distilled water was obtained with a domestic SZ-93 quartz sub-boiled high quality pure water distillatory. Molecular dimensions were estimated by Chem3D software of CambridgeSoft on personal computer.
III. RESULTS AND DISCUSSION

A. Fluorescence of EHDMAB in organic solvents
EHDMAB is readily soluble in common organic solvents. Figure 1 shows the fluorescence of EHDMAB in representative organic solvents. In non-polar cyclohexane, EHDMAB only exhibits strong normal fluorescence around 339 nm from its locally excited (LE) state. In the case of methylene chloride, EHDMAB shows its typical dual fluorescence. The relatively polar environment results in the bathochromic shift of LE emission with respect to that in cyclohexane [30] . The new anomalous emission around 430 nm, greatly red-shifted with respect to the LE emission around 354 nm, is a clear evidence for TICT process of EHDMAB. Furthermore a distinct dual fluorescence appears in acetonitrile. The polar environment results in the larger bathochromic shift of TICT emission. In polar methanol, the dual fluorescence of EHDMAB can also be observed but the quantum yield of the LE emission around 354 nm and the TICT emission around 510 nm is lower. Weaker TICT emission with longer wavelength can presumably be ascribed to the stabilization of the highly polar TICT state by the strong dipole-dipole interaction with methanol molecule which results in a rapid nonradiative transition to the ground state [31, 32] . Figure 2 illustrates the relationship between Stoke's shift of EHDMAB and orientation polarizabibity of solvents based upon the Lippert equation [30] . A good linearity directly indicates that TICT emission of EHDMAB greatly depends on the environmental polarity. 
B. Fluorescence of EHDMAB in aqueous solution
Fluorescence of EHDMAB was further examined in binary mixture of methanol and water in order to study the spectral behavior of poorly soluble EHDMAB in aqueous phase. As shown in Fig.3 , addition of water to methanol results in a remarkable decrease in dual fluorescence intensity as long as the water content is lower than 50% (V /V ) in methanol. In 50% water/methanol mixture, highly polar water results in a greater bathochromic shift of LE and TICT emission than that in methanol. EHDMAB exhibits much lower dual fluorescence with its LE emission around 360 nm and with its TICT emission around 520 nm. The weak TICT band can possibly be explained as the stabilization of the highly polar state by strong dipole-dipole in- teraction with water molecule and rapid non-radiative transition to the ground or low-lying triplet state [33] . Thereafter further addition of water to methanol can lead to the appearance of a new broad fluorescence at 414 nm with different excitation wavelength from dual fluorescence. This phenomenon suggests that a new ground-state species occurs in aqueous solution. The relative intensity rapidly increases with increasing volume ratio of water to methanol. EHDMAB gives rise to the most significant fluorescence at 414 nm in pure water. On the basis of corresponding absorption spectra as shown in Fig.4 , the zero baseline is still present in visible region for EHDMAB in methanol with 60% and 70% water. These spectral profiles clearly demonstrate that EHDMAB is completely soluble. Therefore the broad fluorescence at 414 nm should be assigned to aggregates of EHDMAB in view of the molecular structure and the poor solubility (0.21 mg/L) of EHDMAB in water. In the case of water content higher than 80% in methanol, the increasing background absorption in visible region directly indicates that EHDMAB is not completely dissolved in this case and is dispersed in water/methanol.
C. Absorption of EHDMAB in micellar solution
The aggregation of EHDMAB in water phase can further be detected by its absorption spectra in micellar solution. Figure 5 exhibits the effect of CTMAB on the absorption of EHDMAB in aqueous solution. Two absorption maxima could be observed at 315 nm and 345 nm in pure water. High background absorption appears in UV and visible regions. These results reflect that EHDMAB is not completely soluble in water as described above. The absorbance at 315 nm increases and that at 345 nm decreases with increasing concentration of CTMAB. At the critical micellar concentration (CMC) of CTMAB, EHDMAB almost shows negligible absorption at 345 nm. The absorbance at 315 nm greatly increases at the same time. The zero baseline also occurs in the visible region. These phenomena can be attributed to complete solubilization of EHDMAB in micellar solution of CTMAB. In this case, EHDMAB aggregates dissociate and individual EHDMAB molecule is present in CTMAB micelles. As a result, the aggregation of EHDMAB should be responsible for the absorption at 345 nm. This result provides additional evidence for the conclusion obtained by the fluorescence and the absorption measurements in binary mixture of water and methanol. Similar spectral behavior was also observed in the presence of CPC, PLE, and SDS.
D. Fluorescence of EHDMAB in micellar solution
EHDMAB shows very different fluorescence in micellar solution from that in water. Figure 6 shows the effect of CTMAB on the fluorescence of EHDMAB in aqueous The dimethylamino group of EHDMAB should be positioned in a polar microenvironment according to the polarity dependence of TICT emission as shown in Fig.2 . In CPC micelles, as shown in Fig.7 , EHDMAB exhibits negligible dual fluorescence although CPC has the same cetyl chain as CTMAB and should have a similar effect on dual fluorescence of EHDMAB like CTMAB. This phenomenon suggests that the pyridinium cation of CPC quenches the dual fluorescence of EHDMAB.
The experimental result provides a direct evidence for the location of the dimethylamino group in the proximity of the pyridinium cation and in a polar microenvironment in CPC micelles. In the case of SDS micelles, the TICT emission appears with longer wavelength (∼500 nm) than that in CTMAB micelles, indicating that the dimethylamino group is also located in a polar environment. However, the TICT emission of EHDMAB blue-shifts to 446 nm in PLE micelles compared with that in CTMAB and SDS micelles. The spectral change in dual fluorescence clearly indicates that the dimethylamino group was situated in a less polar microenvironment according to the polarity dependence of TICT emission. 
E. Fluorescence quenching of EHDMAB in micelles
Fluorescence quenching measurements were further studied in order to examine the location of the aromatic moiety of EHDMAB in micelles. In homogeneous solution, dynamic fluorescence quenching by a quencher (Q) conforms to the Stern-Volmer equation, I 0 /I=1+K SV [Q] (where K SV is the dynamic quenching rate constant, I 0 and I is the fluorescence intensity in the absence and the presence of quencher, respectively). Considering the cationic, nonionic and anionic surfactants employed in the experimental, the neutral nitromethane molecule was selected as a quencher to avoid electrostatic interaction between the micelle-water interface and a quencher. Figure  8 shows Stern-Volmer plots of I 0 /I as a function of [CH 3 NO 2 ] for EHDMAB in CTMAB, SDS and PLE micelles. Stern-Volmer constants obtained for EHDMAB in diffrent mediums of H 2 O/methanol, CTMAB, PLE, and SDS were 38.18±0.53, 28.99±0.44, 27.31±0.45, and 25.74±0.56 L/mol, respectively. EHDMAB was shielded from the quencher CH 3 NO 2 in different micelles to some extent. More significant fluorescence quenching of EHDMAB by CH 3 NO 2 molecules was observed in SDS micelles than that in CTMAB micelles, indicating that there is a relatively stronger interaction of the aromatic moiety of EHDMAB in SDS micelles with CH 3 NO 2 molecules in bulk phase. On the contrary, less fluorescence quenching by CH 3 NO 2 molecules was detected in PLE micelles compared to that in CTMAB micelles. Thus the aromatic moiety of EHDMAB was shielded from CH 3 NO 2 molecules in bulk phase to a greater extent. This result provides an evidence for the deep inclusion of the aromatic moiety of EHDMAB in PLE micelles. 
F. Location and dual fluorescence dependence of EHDMAB in micelles
It has been established that the environment in micellar cores is basically similar and the polarity and the diffusion of water molecules gradually decrease from the micelle-water interface to the micellar core [15] . TICT emission can be employed to study the location of EHDMAB in different micelles because it is strongly dependent on medium polarity (Fig.2) . Like the dissolution of EHDMAB in methanol, the solubilization of EHDMAB in CTMAB, CPC, PLE, and SDS micelles results in the disappearance of the fluorescence from EHDMAB aggregates. In CTMAB and CPC micelles, the linear EHDMAB molecule (length (L)/∼16.7Å) could be dipped into the micellar core by the hydrophobic interaction because it is shorter than the cetyl chain (L/ ∼20.2Å) of CTMAB and CPC molecules. However the microenvironment surrounding the dimethylamino group of EHDMAB is similar to that between ethanol and acetrontrile according to the polarity dependence of TICT emission as shown in Fig.2 . The polar environment results in a stabilization of highly polar TICT state and a rapid non-radiative transition [17] . Thus weak TICT emission around 490 nm appears in CTMAB micelles. Furthermore it is energetically favorable for the linear EHDMAB molecule to insert in the pallid layer of micelles with its flexible and hydrophobic 2'-ethylhexyl chain towards the micellar core [15] . For these reasons, an individual EHDMAB molecule would be located in the micelles with its dimethylamino group toward the micelle-water interface. According to such an arrangement, the positively charged pyridinium ions in the Stern layer of CPC micelles can significantly quench the dual fluorescence of EHDMAB because the pyridinium cation is a strong electron-accepting group [34] . This conclusion is in good agreement with the experimental results. Thus, the differences in TICT emission intensity and wavelength provide a way to establish the location and the orientation of EHDMAB in micelles.
In SDS micelles, the EHDMAB molecule is slightly longer than the dedecyl chain (L/∼15.0Å) of SDS molecule and the dimethylamino group may be exposed to the polar head groups and experiences more polar environment compared to that in CTMAB micelles. As shown in Fig.2 , the microenvironmental polarity around the dimethylamino group is close to that of methanol. Such an arrangement could decrease the energy gap between TICT and ground states, increase the rate of non-radiative processes and thus lead to the attenuated TICT emission with longer wavelength [31, 32] . In this case, EHDMAB is also easily affected by CH 3 NO 2 quencher molecules in bulk phase. In PLE micelles, the dimethylamino group is located in the intermediate microenvironment like that between methylene chloride and iso-propanol according to the polarity dependence of TICT emission as shown in Fig.2 . The dimethylamino group experiences less polar microenvironment in PLE micelles than that in CTMAB and SDS micelles. In terms of molecular structure and sizes of EHDMAB and PLE, the dimethylamino group may be located at the intersection between hydrophilic and hydrophobic moieties of PLE. Such an environment will increase the energy gap between the TICT and the ground states and decrease the rate of non-radiative processes to some extent [31, 32] . As a result, the TICT emission should blue-shift and the relative intensity should increase. This is supported by the hypsochromic shift and the enhancement of TICT emission in PLE micelles with respect to that in CTMAB and SDS micelles. Furthermore it is difficult for CH 3 NO 2 molecules to penetrate into PLE micelles and to quench the fluorescence of EHDMAB because the shell of polyoxyethylene chain is thick in PLE micelles [15] . The structural analyses provide a plausible explanation for the experimental results.
IV. CONCLUSION
The results described here clearly demonstrate that the linear EHDMAB molecule was solubilized in CTMAB, CPC, PLE and SDS micelles. UV absorption of EHDMAB was enhanced. UV radiation absorbed mainly decays via TICT emission and radiationless deactivation. Therefore the LE emission intensity greatly decreases. In these micelles EHDMAB is shielded from external neutral quenchers to some extent. The dimethylamino group experiences different polar environments in ionic and non-ionic micelles. The TICT emission measurements and the structural analyses suggest that the 2'-ethylhexyl chain of EHDMAB should be deeply buried in the micellar core and the dimethylamino group exposed to the micelle-water interface. Such an arrangement is different from that of 4-(N,N-dimethylamino)benzoic acid and its sodium salt in ionic micelles. These conclusions are very significant for a deeper understanding of the UV-absorbing and deactivation processes and the extensive practical applications of EHDMAB in sun-care products.
V. ACKNOWLEDGMENT
